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Preface 


This  investigation  was  conducted  at  the  U.  S.  Army  Engineer  Water- 
ways Experiment  Station  (WES)  \uider  the  sponsorship  of  the  Office,  Chief 
of  Engineers,  Department  of  the  Army,  as  a part  of  Project  CWIS  3111+5, 
"Liquefaction  Potential  of  Dams  and  Foundations." 

The  work  was  performed  and  this  report  was  prepared  by  Dr.  W.  F. 
Marcuson  III  under  the  general  supervision  of  Dr.  F.  G.  McLean,  Chief, 
Earthqiiake  Engineering  and  Vibrations  Division,  and  Mr.  J.  P.  Sale, 
Chief,  Soils  and  Pavements  Laboratory.  This  report  is  essentially  the 
same  as  a paper  prepared  by  Dr.  Marcuson  and  submitted  to  the  ASTM 
Symposium  on  Dynamic  Soil  and  Rock  Testing,  Denver,  Colo.,  June  1977. 

COL  J.  L.  Cannon,  CE,  was  Director  of  WES  during  the  preparation 
and  publication  of  this  report.  Mr.  F.  R.  Brown  was  Technical  Director. 


1 


LIQUEFACTION  POTENTIAL  OF  DAMS  AND  FOUNDATIONS 
DETERMINATION  OF  IN  SITU  DENSITY  OF  SANDS 


Introduction 

The  accurate  and  reliable  determination  of  in  situ  density  and 
in  situ  relative  density  of  cohesionless  soil  deposits  has  plagued 
civil  engineers  for  decades.  These  determinations  are  currently  made  by 

indirect  or  direct  techniques.  Indirect  techniques  refer  to  empirical  I 

correlations  between  index  values  and  relative  density.  The  discus- 
sions presented  herein  will  be  limited  to  correlations  between  Standard 
Penetration  Test  (SPT)  N values  Eind  relative  density.  In  direct  tech- 
niques the  soil  weight  and  volume  are  measured  quantities  and  the 
in  situ  density  is  directly  calculated.  The  discussion  of  these  methods 
which  is  presented  herein  will  be  limited  to  the  use  of  undisturbed 
samples  to  determine  in  situ  density  and  the  influence  of  the  sampling 
procedure  on  the  density  determined  in  the  laboratory. 

Throughout  this  paper  references  will  be  made  to  in  situ  density 
and  in  situ  relative  density.  Whenever  possible,  in  situ  density  will 
be  discussed  because  of  the  many  problems  inherently  associated  with 
relative  density  determinations.  Indications  (l-T)  are  that  even  if 
the  in  situ  density  of  a soil  deposit  is  known,  the  accuracy  with  which 
the  relative  density  can  be  obtained  is  of  the  order  of  +20  percent. 

This  scatter  is  associated  with  difficulties  in  obtaining  accurately 
the  minimum  and  maximian  densities  required  to  compute  the  relative 
density.  As  a matter  of  practice,  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES)  uses  in  situ  density  whenever  possible,  and 
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resorts  to  the  use  of  in  situ  relative  density  only  when  it  is  neces- 

SEiry  to  compare  different  materials  or  different  sites. 

Indirect  Determination 
of  In  Situ  Relative  Density 

The  Bureau  of  Reclamation  has  reported  results  (8,9)  which  cor- 
relate relative  density  with  SPT  N values  and  overburden  pressure. 

These  correlations  were  based  on  data  obtained  from  laboratory  penetra- 
tion tests  conducted  in  tanks  filled  with  sand.  Bazaraa  (10)  also 
developed  correlations  between  SPT  N values,  overburden  pressure,  eind 
relative  density.  These  correlations  were  based  on  field  data  and  are 
more  conservative  than  the  curves  developed  by  Gibbs  and  Holtz  (8). 

In  the  interest  of  brevity,  a discussion  on  the  history  of  the  use 
of  the  SPT  to  estimate  relative  density  has  been  omitted.  If  the 
reader  is  interested  in  this  he  is  referred  to  deMello  (ll).  However, 
a brief  summary  of  the  results  obtained  at  WES  in  a recent  laboratory 
study  of  the  SPT  is  included.  The  details  are  presented 
elsewhere  ( 12-15 ) • 

During  this  WES  study,  SPT’s  were  performed  on  U-ft-(l.2-m)diam 

by  6-ft-(l.8-m)high  samples  of  four  sands  (Reid  Bedford  Model  sand, 

Ottawa  sand,  Platte  River  sand,  and  Standard  Concrete  sand)  at  various 

relative  densities  under  overburden  pressures  up  to  80  psi 
2 

(5-52  kN/m  ).  Figure  1 shows  the  grain  size  distribution  cxirve  and 
other  pertinent  data  for  each  of  these  sands.  Figure  2 is  a plot  of 
N values  versus  relative  density  which  were  obtained  by  WES  for  the 
Reid  Bedford  Model  and  Ottawa  sands.  Data  points  are  plotted  on  this 
figure  for  overburden  pressures  of  10,  hO,  and  80  psi  (69,  276,  and 
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552  kN/m  ) and  overconsolidation  ratios  (OCR)  of  1 and  3.  This  figure 
depicts  the  spread  of  data  for  three  overburden  pressures  xuider  ideal 
laboratory  conditions.  As  can  be  seen,  for  a given  overburden  pressure 
and  N value,  the  spread  in  the  relative  density  is  about  +^15  percent. 
Figure  3 presents  the  same  data  spread  with  the  Gibbs  and  Holtz  and 
Bazaraa  curves  superposed  for  comparison  purposes. 

Figure  U is  a plot  of  N values  versus  relative  density  for  WES 
tests  on  Platte  River  and  Standard  Concrete  sands.  Figvires  2,  3,  and  U 
indicate  that  a simple  family  of  curves  relating  SPT  N values,  overbur- 
den pressiire,  and  relative  density  for  all  sands  under  all  conditions 
i valid. 

wcr  discarding  unreliable  data,  a statistical  analysis  was  per- 
lormed  on  data  obtained  from  testing  all  four  sands.  The  equation 
developed  to  best  describe  the  data  is: 

D = 11.7  + 0.T6  (222)N  + 1600  - 53(o  ) - 50(C 

r V u 


where 


= relative  density,  percent, 

N = SPT  blow  counts,  blows  per  foot, 

= effective  overburden  pressure,  psi, 

C^  = coefficient  of  uniformity. 

This  equation  fits  the  data  obtained  on  normally  consolidated  material 
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with  a coefficient  of  correlation  (r  ) of  0.85  and  a standard  deviation 
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Figure  3.  Comparison  of  WES  data,  Gibbs  & Holtz  correlation  curves, 

and  Bazaraa  curves 
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Figure  1*.  WES  SPT  data  for  Platte  River  and  Standard  Concrete  sands 


Based  on  a compaz’ison  between  the  correlations  presented  by 
Bazai’aa,  Gibbs  and  Holtz,  and  WES,  it  was  concluded  that  the  SPT  is 
not  sufficiently  accurate  to  be  recommended  for  final  evaluation  of  the 
density  or  relative  density  at  a site,  xmless  site-specific  correla- 
tions are  developed.  However,  the  SPT  does  have  value  in  planning  the 
undisturbed  sampling  phase  ol'  the  subsurface  investigation  and  in 
comparing  different  sites. 

b.  Sand  type  and  specimen  preparation  technique  influence  pene- 
tration resistance. 

£.  The  spread  of  data  derived  from  testing  four  sands  under 
optimum  laboratory  conditions  suggests  that  a simplified  family  of 
curves  correlating  SPT  N values,  relative  density,  and  overburden  pres- 
sure for  all  cohesionless  soils  under  all  conditions  is  not  valid. 

d.  The  expression  derived  from  the  statistical  analysis  is  based 
on  data  obtained  under  laboratory  conditions  and  therefore  has  limited 
application.  It  does  not  adequately  address  the  variability  of 
subsurface  conditions  found  in  the  field.  Water  table  conditions, 
overconsolidation,  length  and  weight  of  drill  rods,  and  dynamic  interac- 
tion of  the  drive-sampling  system  were  either  not  intensively  studied  or 
were  not  investigated.  Additional  research  is  required  to  evaluate 
these  factors. 

Direct  Determination 
of  In  Situ  Density 

As  previously  defined,  direct  determination  of  in  situ  density 
means  a process  in  which  the  weight  and  volume  of  the  soil  are  measured 
and  density  is  easily  calculated.  It  is  generally  accepted  that  there 
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is  no  such  thing  as  a truly  undisturbed  sample  of  soil.  Samples  that  .| 

are  routinely  referred  to  as  "undisturbed"  samples  are  high  quality  ^ 

i 1 

3 samples  obtained  with  minimal  disturbance.  The  question  that  remains  i 

is:  How  does  this  minimal  disturbance  affect  the  density  determina- 
tions based  on  weight  and  volume  measurements  made  in  the  laboratory.  | 

Development  of  the 
Sampling  Procedure 

Over  the  past  three  decades  WES  has  conducted  various  studies  with 
the  objective  of  evaluating  various  sampling  techniques  for  determina- 
tion of  in  situ  density  ( 16-20 ).  During  the  late  19^0' s a drilling, 
sampling,  and  handling  procedure  was  developed  which  yield,  high  qual- 
ity undisturbed  samples  (l6).  The  drilling  procedure  uses  a fishtail 
bit  with  baffles.  These  baffles  are  welded  on  the  bit  below  the  jets 
to  block  the  downward  flow  of  drilling  mud  which  might  otherwise 
disturb  the  sand  to  a considerable  depth  below  the  bit.  The  sampling 
procedure  involves  the  use  of  a fixed-piston  type  sampler  known  as  the 
Hvorslev  sampler.  The  drilling  and  sampling  procedures,  including 
starting  and  advancing  the  boring,  sampling,  withdrawal  operation,  and 
treatment  of  samples,  are  described  in  detail  in  Reference  l6.  Using 

t 

this  procedure,  the  sample  is  withdrawn  from  the  borehole,  held  in  a i 

! 

vertical  position,  and  the  sampler  and  3-in. -ID( 7. 62-cm)  thin-walled  | 

V 

sampling  tube  are  disconnected.  The  tube  is  maintained  in  a vertical  J 

position  while  a perforated  expanding  end  packer  is  placed  in  the  ' 

bottom  of  the  sample  tube.  The  tube  is  placed  in  a rack  in  the  vertical  j 

position  and  allowed  to  drain.  The  time  required  for  proper  drainage  | 

I 

varies  from  to  U8  hours  depending  on  the  amount  and  character  of  t; 
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fines  in  the  soil  samples.  After  drainage  is  completed  an  expanding  end 
packer  is  placed  in  the  top  of  the  sample  tube.  If  the  sample  is  to  be 
used  only  for  density  determinations,  it  is  rotated  into  the  horizontal 
position  and  placed  in  a cradle.  The  top  of  the  tube  is  marked  and  the 
top  side  of  each  tube  is  then  struck  50  light  blows  with  a rubber  hammer, 
starting  at  one  end  of  the  tube  and  working  toward  the  other  with 
25  blows  and  then  reversing  the  procedure,  thereby  consolidating  the 
sand  and  preventing  possible  liquefaction  and  flow  of  any  loose  samples 
of  sand  in  the  tube  during  transportation  to  the  laboratory.  The  tubes 
are  prevented  from  rotating  during  transportation.  In  the  laboratory, 
samples  are  cut  into  3-in. (7.62-cm)  increments  with  a band  saw  and  unit 
weight  determinations  made  by  conventional  methods  for  each  increment 
of  sample.  The  total  volume  of  the  section  of  tube  from  which  the 
sample  Increment  is  removed  is  used  as  the  basic  volimie  for  the  sample 
increment  in  all  unit  weight  determinations. 

It  is  important  to  note  that  once  the  sample  is  extracted  from  the 
borehole  its  treatment  depends  on  whether  an  undisturbed  sample  of  the 
material  is  desired  for  laboratory  testing  or  in  situ  density  is  the 
only  desired  end  product.  Only  if  in  situ  density  is  the  desired  end 
product  is  the  sample  tapped,  thus  disturbing  the  soil  sample. 

This  sampling  procedure  is  used  routinely  by  the  VfES  and  has  been 
used  effectively  diiring  the  subsurface  investigations  for  at  least  three 
building  sites  in  Canada  (21). 

First  Investigation 

The  density  changes  caused  by  the  above  sampling  procedure  were 
studied  at  WES  in  the  early  1950' s (IT).  In  this  study,  two  sands,  one 
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medium  (MRl)  and  one  fine  (MR2),  were  placed  in  a 2-l/2-ft-(0.75-ni)diam 
X 6-ft-(l.8-m)deep  drum  at  high  and  low  initial  densities.  The  grain 
size  distributions  are  shown  in  Figure  5.  The  sand  was  sampled  using 

U.S.  SIEVE  NUMBER 
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Figure  5*  Mechanical  analyses  of 
two  Mississippi  River  sands 

a fixed-piston  type  sampler  with  lacquered  thin-walled  seamless  steel 
Shelby  tubes.  These  samples  were  not  tapped  but  were  carefully  trans- 
ported to  the  laboratory  where  incremental  distribution  of  density 
within  the  sample  was  determined  using  all  possible  precautions  to 
avoid  additional  disturbance  of  the  sample. 

The  average  density  changes  obtained  are  illustrated  in  Figure  6. 
The  change  in  density  versus  initial  density  is  plotted  in  Figure  6a. 
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INITIAL  RELATIVE  DENSITY 

P’igure  6.  Average  density  changes  caused 
by  sampling 

The  greatest  density  changes  were  obtained  in  the  first  series  of  tests 
using  the  medium  sand  (MR-l).  The  samples  were  taken  with  a 2.875-''n.- 
(7.3-cm)diam  sampler  having  comparatively  large  clearances.  High 
rates  of  penetration,  depths  of  penetration  equal  to  2 to  2.3  ft 
(0.6  to  0.7  m)  and  no  surcharge  loads  were  used.  The  same  sand  was 
used  in  the  second  series  of  tests,  but  the  clearance  was  reduced  to 
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! 0.50  percent  and  penetration  was  stopped  when  settlements  appeared  to 

I 

be  excessive.  The  resulting  disturbance  was  much  less  than  in  the 
^ first  series.  No  trends  which  can  be  attributed  to  the  controlled 

I variation  of  equipment  and/or  procedures  exist  in  the  density  changes 

j obtained  in  the  second  series.  Fine  sand  (MR-2)  was  used  in  the  third 

i 

i series  and  samples  were  taken  with  a 3-in.-(T.62-cm)diam  sampler 

having  variable  clearances  and  using  a constant  rate  of  penetration. 

The  average  density  changes  are  simileir  to  those  obtained  in  the  second 
series  of  tests.  No  trends  exist  in  the  density  changes  which  can  be 
attributed  to  variation  in  sampler  clearance.  In  comparison  with  the 
second  series , the  greater  length  of  drive  in  the  third  series  appears 
to  result  in  a greater  disturbance  of  the  loose  material.  Statistical 
I correlations  were  made  of  the  results  of  the  second  and  third  series. 

The  results  of  these  correlations  appear  to  be  reasonable  even  though 
based  on  limited  data.  The  scatter  of  the  data  about  the  line  of  re- 
gression, as  measured  by  the  standard  error  of  estimate,  S , is  in  the 
order  of  +0.5  to  +0.7  pcf  (^8.0  to  ^11.2  kg/m^).  This  scatter  corre- 
sponds to  the  average  density  changes  caused  by  the  laboratory  density 
determination  procedures  discussed  earlier.  It  seems  reasonable  to 
assume  that  the  scatter  obtained  in  the  second  and  third  series  of  tests 
was  caused  by  inherent  errors  in  laboratory  procedures  and  is  large 

i 

enough  to  mask  any  density  changes  caused  by  controlled  variation  in 
sampling  equipment  and  procedures. 

The  results  of  all  tests  are  plotted  in  Figure  6b  as  changes  in 
relative  density  versus  initial  relative  density.  The  combined  effects 
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of  sampling  and  testing  tended  to  cause  a decrease  in  average  density 
for  initial  relative  densities  of  greater  than  77  percent  and  an  in- 
crease in  relative  density  for  lesser  initial  values  in  the  second  and 
third  series.  The  scatter  expressed  as  a standard  error  of  estimate, 

S , amounts  to  i.3-5  percent  (in  terms  of  relative  density).  The  change 
in  average  relative  density  is  large,  10  to  15  percent,  at  extremely 
high  and  low  values  of  initial  relative  density. 

Second  Investigation 

Because  the  influence  of  overburden  pressure  was  not  adequately 
addressed  in  the  first  study,  a second  investigation  was  conducted  at 
WES  during  the  late  1950' s (l8).  During  this  study,  two  Mississippi 
River  sands  (Sands  1 and  2 in  Figure  j)  were  placed  in  a 3-1/2- ft- 
(l.07-m)diam  by  6-l/2-ft-(l.98-m)deep  cylindrical  tank  at  relative 
densities  of  approximately  20  percent  and  90  percent.  Surcharge  pres- 

p 

sures  of  30,  60,  and  100  psi  (207,  ^l^t,  and  69O  kN/m  ) were  applied  to 
the  samples.  After  consolidation,  3-in. (7.62-cm)  undisturbed  samples 
were  taken  using  the  Hvorslev  fixed-piston  sampler.  Figure  8 summarizes 
the  pertinent  results  and  gives  corrections  for  the  change  in  density 
caused  by  sampling.  The  correction  factor  curves  are  plotted  in  Fig- 
vire  8a.  Lines  shown  to  indicate  the  correction  factors  for  relative 
density  at  10  percent  intervals  between  30  and  86  percent  were  spaced  by 
linear  proportion.  The  plot  of  density  correction  for  overburden  pres- 
sure indicates  that  at  overburden  pressvires  ranging  from  20  to  50  psi 
(138  to  3*+5  kN/m  ) the  density  corrections  for  Sand  1 at  a measured 
relative  density  of  30  percent  range  from  -1.2  to  -1.6  pcf  (-19.2  to 
-25.6  kg/m^)  and  for  a measui*ed  relative  density  of  86  percent  the 
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SPECIFIC  DRY  DENSITY.  PCF 
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Figure  8.  Corrections  for  change  in  density 
caused  by  sampling  for  Sand  1 
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o 

corrections  range  from  +0.7  to  +0.9  pcf  (+11.2  to  +ll*.l4  kg/m  ).  At  a 
measured  relative  density  of  about  60  percent,  which  is  common  in  the 
field,  the  density  correction  is  almost  zero. 

The  density  was  also  dependent  on  the  location  of  the  increment  in 
the  sample  tube.  The  correction  was  determined  by  the  following 
procedure : 

a.  The  measured  change  in  density  of  each  sample  increment  was 
corrected  for  overburden  pressure  by  entering  Figure  8a  at  the  pressure 
equal  to  the  vertical  pressure  for  the  increment  and  reading  horizon- 
tally across  to  either  the  30  or  86  percent  correction  factor  curve, 
depending  on  the  measured  density  of  the  sample  increment , and  then 
reading  vertically  down  to  the  average  density  correction  scale.  The 
difference  between  the  total  change  in  density  of  the  increment  and  the 
correction  determined  for  the  effect  of  overburden  pressure  is  consid- 
ered to  be  the  change  in  density  effected  by  the  location  of  the  incre- 
ment in  the  sample  tube. 

b.  The  change  in  density  for  the  location  in  the  sample  tube  was 
then  plotted  for  each  increment,  with  sign  reversed,  against  the  height 
of  the  increment  from  the  bottom  of  the  sample  tube.  The  plot  of  incre- 
ments from  the  30  percent  measured  relative  density  specimen  is  shown 

in  Figure  8b  and  the  plot  of  increments  from  the  86  percent  measured 
relative  density  specimen  is  shown  in  Figure  8c. 

c_.  Smooth  curves  were  drawn  through  the  points.  These  smooth 
curves  were  then  combined  in  a single  plot,  shown  in  Figure  8d,  and 
curves  for  measured  relative  densities  of  UO,  50,  60,  TO,  and  80  per- 
cent were  drawn  by  linear  proportion  between  the  30  and  86  percent 
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relative  density  curves.  The  corresponding  dry  densities  are  given  for 
each  relative  density  curve. 

The  plot  of  density  correction  for  location  of  increment  in  the 
sample  tube,  for  Sand  1 at  a measured  relative  density  of  30  percent, 
indicates  that  at  heights  greater  than  about  2h  in.  (6l  cm)  in  the  tube, 
the  density  change  is  rather  large  and  the  data  are  quite  scattered. 

This  fact  suggests  that  densities  of  increments  at  heights  greater  than 
2k  in.  (6l  cm)  in  the  tube  should  not  be  considered  reliable.  Also, 
although  density  changes  in  the  bottom  6 in.  (15.2  cm)  of  the  30-in. - 
(76.2-cm)long  sample  tubes  were  not  excessive,  it  must  be  pointed  out 
that  the  samples  of  the  tank  specimens  were  not  pulled  from  the  tank 
immediately  after  the  sampler  drive  had  ended,  but  were  removed  from 
the  specimen  after  all  three  sample  tubes  had  been  pushed  and  the  mate- 
rial excavated  from  around  the  tubes.  If  the  sample  tubes  had  been 
pxilled  out  immediately,  as  is  necessary  in  the  field,  it  is  believed 
that  the  density  changes  in  the  bottom  6 in.  ( 15. 2 cm)  would  have  been 
larger  because  of  stress  changes  in  the  vicinity  of  the  bottom  of  the 
sampling  tube.  Therefore,  in  the  analysis  of  density  measurements  on 
samples  obtained  in  the  field,  data  from  heights  greater  than  2k  in. 

(6l  cm)  and  lower  than  6 in.  (15.2  cm)  should  be  disregarded  and  only 
data  from  the  central  l8  in.  (k^.J  cm)  should  be  used  for  determining 
densities. 

The  combined  plot  of  density  correction  for  locations  of  incre- 
ments in  the  sample  tube  for  Sand  1 (Figtire  8d)  indicates  that  at 
heights  from  6 to  2k  in.  (15-2  to  6l  cm)  in  the  sample  tube,  the  density 
correction  for  30  percent  measured  relative  density  ranges  from  +1.0  to 


-1.8  pcf  (+l6  to  -28.8  kg/m^),  and  for  86  percent  measured  relative 
density  the  correction  ranges  from  -0.2  to  +0.7  pcf  (-3.2  to 
+11.2  kg/m  ).  At  a measured  relative  density  of  60  percent,  a density 

commonly  found  in  the  field,  the  density  correction  depending  on  height 

in  the  tube  ranges  from  +0.3  to  -0.5  pcf  (+^<.8  to  -8.0  kg/m^). 

Considering  density  corrections  for  both  overbiirden  pressure  eind 

location  in  sample  tube,  the  total  density  correction  could  be  as 

large  as  -3.U  pcf  (-5^.5  kg/m  ) for  a measured  relative  density  of 

30  percent  at  an  overburden  pressure  of  50  psi  (3h5  kN/ra  ) and  height 

of  2h  in.  (6l  cm)  in  the  sample  tube,  and  as  large  as  +1.7  pcf 

(+27.2  kg/m"^)  for  a measured  relative  density  of  86  percent  at  an  over- 

2 

burden  pressure  of  50  psi  (3^5  kN/m  ) and  a height  of  2h  in.  (6l  cm) 
in  the  sample  tube.  However,  for  conditions  which  are  commonly  en- 
countered in  the  field  (e.g.,  relative  densities  reinging  from  30  to 
80  percent,  and  overbiirden  pressures  ranging  from  20  to  I4O  psi  (138  to 
276  kN/m  )),  with  heights  of  increments  in  the  tubes  ranging  from  6 to 
20  in.  (15.2  to  50.8  cm),  the  maximum  total  density  corrections  would 
range  from  -2.3  to  +0.8  pcf  (-36.9  to  +12.8  kg/m^),  with  a more  common 

O 

average  correction  range  of  -1.2  to  0.6  pcf  (-19.2  to  9-6  kg/m  ) . 

Since  the  difference  between  maximum  and  minimum  densities  as 
determined  by  laboratory  tests  generally  ranges  from  about  I6  to  20  pcf 
(256.3  to  320.1*  kg/m^)  for  various  sands,  a density  correction  of 
approximately  1.0  pcf  (16  kg/m  ) would  amount  to  a change  in  relative 
density  of  about  5 to  6 percent.  Based  on  a limited  evaluation  of 
results  of  tests  on  Sand  2,  it  appears  that  correction  factors  for 
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other  sands  might  be  approximately  1 pcf  (l6  kg/m  ) greater  than  correc- 

•2 

tion  factors  for  Sand  1 (i,e.,  an  average  of  about  2 pcf  (32  kg/ra  )). 
Third  Investigation 

Recently  (197^-76)  another  series  of  tests  was  conducted  on  Reid 
Bedford  Model  sand  in  a i*-ft-(l.2-m)diam  by  6-ft-(l.8-m)high  stacked 
ring  facility  (19»  20).  The  purpose  of  the  stacked  rings  is  to  signif- 
icantly reduce  sidewall  friction  so  that  the  sand  sample  has  a more 
realistic  stress  gradient.  Dry  sand  was  placed  in  a stacked-ring 
facility,  submerged,  and  then  an  overburden  pressure  was  applied. 

Finally  the  sand  was  sampled  using  the  WES  procedure.  Figure  9 is 
a comparison  of  placed  density,  corrected  for  the  effects  of  consolida- 
tion \inder  the  applied  vertical  loadings,  with  sampled  density.  These 
data  show  considerable  scatter  and  are  difficult  to  interpret.  The 
linear  regression  fit  to  the  data  is  aligned  fairly  close  to  the  line 
of  perfect  sampling,  and  crosses  the  perfect  sampling  line  at  a relative 
density  of  about  36  percent,  which  is  considerably  less  than  the  rela- 
tive density  of  77  percent  reported  in  Reference  17  and  shown  in  Fig- 
ure 6,  but  the  trend  is  the  same.  This  variation  may  be  attributed  to 

(a)  scatter  in  the  data  which  made  precise  interpretation  impossible, 

(b)  differences  in  the  sands  tested  (such  as  gradation,  percent  fines, 
and  angularity)  and  (c)  differences  in  the  methods  of  sample  prepara- 
tion. The  principal  results  and  conclusions  drawn  from  this  study  (19) 
are: 

a.  It  was  noted  that  the  placed  density  at  the  time  of  sampling 

O 

probably  varied  from  +2.9  to  -1.5  pcf  (+U6.1+  to  -2h  kg/m  ) from  the 
measured  values. 
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Figure  9-  Comparison  of  placed  density  corrected  for 
applied  overburden  pressure  with  sampled  density 


The  sampled  versus  placed  density  comparisons  presented 
suggest  that  sampling  accuracy  using  the  techniques  described  is  within 
^3.^  pcf  (^5^*5  kg/m  ) for  95  percent  of  the  sampling  conducted  at 
relative  densities  ranging  from  20  to  6o  percent.  However,  it  can  also 


be  concluded  that  a more  meaningful  assessment  of  the  sampling  accuracy 
could  have  been  made  had  it  been  possible  to  exercise  better  placed 
density  control  during  the  study.  It  is  very  probable  that  in  this 
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event  the  apparent  accuracy  of  sampling  would  have  shown  corresponding 
improvements. 

Despite  the  uncertainties  cited,  this  and  the  preceding  studies 
indicate  that  sampling  with  a tube  sampler  tends  to  densify  loose  sand 
and  to  loosen  dense  sands.  More  definitive  conclusions  regarding  the 
influence  of  tube  sampling  on  the  accuracy  of  density  determinations 
cannot  be  advanced  because  of  the  uncertainty  associated  with  the 
placed  density  results  uncovei-ed  in  this  study,  and  which  probably 
existed  in  the  previous  studies. 

The  Use  of  Test  Pits 

The  results  of  all  the  studies  discussed  above  indicate  that  good 
samples  can  be  taken  in  medium  dense  material.  However,  the  sampling 
procedure  causes  significant  disturbance  in  either  loose  or  dense 
deposits.  Consequently,  it  may  appear  desirable  to  obtain  undisturbed 
samples  from  test  pits  instead  of  boreholes  whenever  an  extremely  loose 
or  dense  deposit  is  encountered.  The  reader  is  cautioned  that  consoli- 
dation caused  by  the  lowering  of  the  groundwater  table  and  shear 
stresses  imposed  during  excavation  may  have  an  influence  on  the  density 
that  is  larger  than  that  experienced  by  sampling.  Settlement  markers 
shovild  always  be  installed  prior  to  excavation  so  that  the  effects  of 
lowering  the  gro\indwater  table  may  be  evaluated.  The  equipment  shown 
in  Figure  10  lends  itsel f to  obtaining  high  quality  undisturbed  samples 
in  test  pits.  Tliis  equipment,  developed  by  Geotechnical  Engineers 
Incorporated  (GEI),  Winchester,  Mass.,  consists  of  a tripod  holder  and 
a 3-in.-(T.6-cm)diam  brass  Denison  tube.  The  details  of  its  use  and 
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Figure  10.  Undisturbed  sam- 
pler being  used  in  a test  pit 
(courtesy  of  GEI ) 


operation  are  presented  in  Reference  22.  The  sampling  procedure  in- 
volves trimming  the  soil  carefully  for  a distance  of  about  1/8  to 
1/U  in.  (0.3  to  0.6  cm)  ahead  of  the  tube  to  a diameter  slightly  larger 
than  that  of  the  tube.  Then  light  (a  few  pounds)  vertical  pressure  by 
hand  is  used  to  advance  the  tube  and  the  cutting  edge  shaves  off  the 
excess  soil.  This  procedure  is  repeated  until  the  desired  sample  length 
is  recovered.  Indications  are  that  this  sampling  procedure  also  tends 
to  loosen  dense  materials  by  an  average  of  approximately  2 pcf  (32  kg/m  ) 
and  extreme  values  may  be  as  large  as  ^4  pcf  (6U  kg/m  ) . Thus  when  a 
dense  and  possibly  a loose  deposit  is  encountered,  test  pits  may  not 
provide  better  undisturbed  samples  than  borings;  however,  they  do  pro- 


vide a bulk  of  high  quality  additional  data  unobtainable  from  borings. 
For  this  reason  test  pits  may  be  desirable. 
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Evaluation  of  Sample  Quality 


If  one  assumes  a uniform  thickness  of  sample  tube  and  a uniform 
thickness  of  a homogeneous  sample,  then  the  density  of  the  sample  is 
roughly  proportional  to  the  film  density  of  an  X-ray,  c.f., 

Krinitzsky  (23).  Figure  IJ  shows  a radiograph  of  an  alluvial  sand 
sample  obtained  with  a Hvorslev  fixed-piston  sampler.  Also  shown  is 


a plot  of  film  density  through  the  center  line  of  the  core.  This  tech- 


nique has  been  used  on  several  studies  by  WES  (24-26)  to  evaluate  qualita- 
tively sample  variation,  layering,  and  disturbance. 
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Figure  11.  The  use  of  X-radiograph  film  density  to 
determine  the  density  of  soil  samples 


P'igure  12  shows  radiographs  of  both  high  quality  and  low  quality 


undisturbed  samples.  Notice  that  in  the  high  quality  samples  the 


bedding  planes  can  be  seen  all  the  way  to  the  sample  edge.  In  the  low 


quality  sample  these  planes  are  contorted,  indicating  disturbance 
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Figure  12.  The  use  of  X-radiography  to  evaluate 
sample  disturbance 


Visual  observation  of  these  radiographs  indicates  layering  of  the 


deposit  and  the  tubes  can  be  marked  at  layer  boundaries  and  cut,  so 


that  absolute  densities  of  various  layers  can  be  determined.  It  is 


critical  that  these  layers  be  kept  independent  when  determining  absolute 


and  relative  density  because  the  mixing  of  materials  will  change 


the  gradation  and  this  can  change  the  maximum  and  minimum  density 


determinations  considerably  (27).  As  stated  previously,  WES  prefers  to 
use  absolute  density  or  relative  density  whenever  possible. 

Research  currently  in  progress  at  WES  has  as  its  objective  the 
accurate  and  reliable  determination  of  soil  moisture  and  density  from 
undisturbed  samples  (28).  The  process  involves  the  use  of  Califor- 
nium 252  to  determine  bulk  density  and  water  content.  Preliminary 
results  indicate  that  an  accurate  determination  of  bulk  density  and 
water  content  is  feasible  in  the  foreseeable  future. 

Conclusions 

Based  on  the  work  summarized  herein  the  following  conclusions  can 
be  drawn: 

The  SPT  is  not  sufficiently  accurate  to  be  recommended  for 
final  evaluation  of  the  density  or  relative  density  at  a site  unless 
site-specific  correlations  are  developed.  However,  the  SPT  does  have 
value  in  planning  the  undisturbed  sampling  phase  of  the  subsurface 
investigation  and  in  comparing  different  sites.  The  empirical  correla- 
tion of  SPT  N value  versus  derived  from  the  statistical  analysis 

does  not  adequately  address  the  variability  of  subsurface  conditions 
found  in  the  field.  Water  table  conditions,  overconsolidation,  length 
and  weight  of  drill  rods,  and  dynamic  interaction  of  the  drive-sampling 
system  were  either  not  intensively  studied  or  were  not  investigated. 
Additional  research  is  required  to  evaluate  these  factors. 

b.  High  quality  undisturbed  samples  of  sands  can  be  obtained  using 
a fixed-piston  sampler  and  drilling  mud.  This  sampling  procedure  yields 
very  good  samples  of  mediimi  dense  sand,  but  tends  to  densify  loose 
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sands  and  loosen  dense  sands.  This  distiirbance  appears  to  be  a fiinction 


of  relative  density,  overburden  pressiare,  and  position  in  the  sample 
tube.  This  disturbance  may  cause  the  sample  density  to  be  in 
error  by  as  much  as  U pcf  (64.1  kg/m  ) in  extreme  cases. 

c_.  The  sampled  versus  placed  density  comparisons  presented 
suggest  that  the  sampling  accuracy  using  the  techniques  described  is 
within  ^3  pcf  (j^i+8  kg/m  ) most  of  the  time;  however,  it  can  also  be  con- 
cluded that  a more  meaningful  assessment  of  sampling  accuracy  could  have 
been  made  were  it  possible  to  exercise  better  placed  density  control 
d\iring  the  studies. 

d.  The  use  of  radiographs  is  an  adequate  and  reliable  way  of 
determining  the  layering  of  the  sample  inside  the  tube  and  the  degree 
of  sample  disturbance. 

Acknowledgements 

It  is  appropriate  to  acknowledge  Messrs  A.  A.  Maxwell,  T.  B.  Goode, 
P.  K.  Garber,  R.  F.  Reuss,  R.  W.  Gunny,  and  W.  E.  Strohm,  Jr.,  for  their 
contribution  to  the  early  WES  investigations  (l6-l8).  Grateful  appre- 
ciation is  expressed  to  those  colleagues  at  WES  who  offered  construc- 
tive criticism  as  well  as  moral  support  during  the  writing  of  the  paper. 
In  addition  the  support  of  the  Office,  Chief  of  Engineers,  U.  S.  Army, 
who  funded  many  of  the  WES  studies  on  which  this  paper  is  based  is 
gratefully  acknowledged. 


Re ferences 


r 


1.  Holtz,  W.  G. , "The  Relative  Density  Approach  - Uses,  Testing, 
Techniques,  Reliability,  and  Shortcomings,"  American  Society  for 
Testing  and  Materials,  Special  Technical  Publication  No.  523, 
Evaluation  of  Relative  Density  and  Its  Role  in  Geotechnical  Proj- 
ects Involving  Cohesionless  Soils,  June  1972. 

2.  Holtz,  W.  G.  , Discussion,  American  Society  for  Testing  and  Mate- 
rials, Special  Technical  Publication  No.  523,  Evaluation  of  Rela- 
tive Density  and  Its  Role  in  Geotechnical  Projects  Involving 
Cohesionless  Soils,  June  1972,  p.  376. 

3.  Lacroix,  Y.  and  Horn,  H.  M. , "Direct  Determination  and  Indirect 
Evaluation  of  Relative  Density  and  Its  Use  in  Earth  Works  Construc- 
tion Projects,"  American  Society  for  Testing  and  Materials,  Special 
Technical  Publication  No.  523,  Evaluation  of  Relative  Density  and 
Its  Role  in  Geotechnical  Projects  Involving  Cohesionless  Soils, 

June  1972. 

U.  Selig,  E.  T.  and  Ladd,  R.  S.,  "Evaluation  of  Relative  Density  Mea- 
surements and  Applications,"  American  Society  for  Testing  and 
Materials,  Special  Technical  Publication  No.  523,  Evaluation  of 
Relative  Density  and  Its  Role  in  Geotechnical  Projects  Involving 
Cohesionless  Soils,  June  1972. 

5.  Tavenas,  F.  A.,  Discussion  to  deMello,  Foiirth  PanAmerican  Confer- 
ence on  Soil  Mechanics  and  Foundation  Engineering,  Puerto  Rico, 

Vol.  3,  1971,  P.  61<. 

6.  Tavenas,  F.  A.,  Ladd,  R.  S.,  and  LaRochelle,  P. , "Accviracy  of  Rel- 
ative Density  Measurements:  Results  of  A Comparative  Test  Pro- 

gram," American  Society  for  Testing  and  Materials,  Special  Tech- 
nical Publication  No.  523,  Evaluation  of  Relative  Density  and  Its 
Role  in  Geotechnical  Projects  Involving  Cohesionless  Soils, 

June  1972. 

7.  Youd,  T.  L. , "Factors  Controlling  Maximum  and  Minimum  Density  of 
Sands,"  American  Society  for  Testing  and  Materials,  Special  Tech- 
nical Publication  No.  523,  Evaluation  of  Relative  Density  and  Its 
Role  in  Geotechnical  Projects  Involving  Cohesionless  Soils, 

June  1972. 

8.  Gibbs,  H.  J.  and  Holtz,  W.  G. , "Research  on  Determining  the  Density 
of  Sand  by  Spoon  Penetration  Testing,"  Proceedings,  Fourth  Inter- 
national Conference  on  Soil  Mechanics  and  Foundation  Engineering, 
London,  Vol.  1,  1957* 

9.  Gibbs,  H.  J.  and  Merriman,  J. , "Progress  Report  on  Research  on 
Penetration  Resistance  Method  for  Subsurface  Exploration," 
1952-1953,  U.  S.  Department  of  Interior,  Bureau  of  Reclamation, 
Earth  Laboratory  Reports  No.  EM3ll4  and  EM356,  Denver,  Colo. 


27 


10.  Bazaraa,  A.  R.  S.  S.,  "Use  of  the  Standard  Penetration  Tests  for 
Estimating  Settlements  of  Shallow  Foundations  on  Sand,"  Ph.  D. 
Thesis,  University  of  Illinois,  Urbana,  196? . 

11.  deMello,  V.  F.  B.,  "The  Standard  Penetration  Test,"  Proceedings, 
Fourth  PanAmerican  Conference  on  Soil  Mechanics  and  Foundation 
Engineering,  Vol  1,  June  1971. 

12.  Bieganousky,  W.  A.  and  Marcuson,  W.  F.,  Ill,  "Liquefaction  Poten- 
tial of  Dams  euid  Foundations;  Report  1,  Laboratory  Standard  Pene- 
tration Tests  on  Reid  Bedford  Model  and  Ottawa  Sands,"  Research 
Report  S-76-2,  U.  S.  Army  Engineer  Waterways  Experiment  Station, 

CE,  Vicksburg,  Miss.,  Oct.  1976. 

13.  Bieganousky,  W.  A.  and  Marcuson,  W.  F. , III,  "Liquefaction  Poten- 
tial of  Dams  and  Foundations;  Report  2,  Laboratory  Standard 
Penetration  Tests  on  Platte  River  Sand  and  Standard  Concrete  Sand," 
Research  Report  S-76-2,  U.  S.  Army  Engineer  Wate2rways  Experiment 
Station,  CE,  Vicksbiorg,  Miss.,  Feb.  1977- 

ll*.  Marcuson,  W.  F. , III,  and  Bieganousky,  W.  A.,  "Laboratory  Standard 
Penetration  Tests  on  Fine  Sands,"  Joiurnal,  Geotechnical  Engineer- 
ing Division,  American  Society  of  Civil  Engineers,  Vol  103, 

No.  GT  6,  June  1977- 

15.  Marcuson,  W.  F. , III,  and  Bieganousky,  W.  A.,  "Laboratory  Standard 
Penetration  Tests  on  Coarse  Sands,"  submitted  to  the  Journal, 
Geotechnical  Engineering  Division,  American  Society  of  Civil 
Engineers. 

16.  "Undisturbed  Sand  Sampling  Below  the  Water  Table,"  Bulletin  No.  35, 
U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vicksbiirg, 
Miss. , June  1950. 

17.  "Density  Changes  of  Sand  Caused  by  Sampling  and  Testing," 

Potamology  Investigations  Report  No.  12-1,  U.  S.  Army  Engineer 
Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. , June  1952. 

18.  "Rotary  Cone  Penetrometer  Investigations,"  U.  S.  Army  Engineer 
Waterways  Experiment  Station,  Potamology  Investigations  Report 
No.  18-1,  Vicksburg,  Miss.,  June  1962. 

19.  Cooper,  Stafford  S. , "Laboratory  Investigations  of  Undisturbed 
Sampling  of  Cohesionless  Material  Below  the  Water  Table,"  Research 
Report  S-76-I,  U.  S.  Army  Engineer  Waterways  Experiment  Station, 

CE,  Vicksburg,  Miss.,  Oct.  1976. 

20.  Marcuson,  W.  F. , III,  Cooper,  S.  S. , and  Bieganousky,  W.  A., 
"Laboratory  Sampling  Study  Conducted  on  Fine  Sands,"  Proceedings, 
Ninth  International  Conference  on  Soil  Mechanics  and  Foundation 
Engineering,  Specialty  Session  No.  2,  Soil  Sampling,  Tokyo,  Japan, 
July  1977. 

21.  Tavenas,  F. , Capelle,  J.  F. , and  LaRochelle,  P. , "Etude  des  sables 
submerges  par  echantillonnage  non  reraanie,"  Canadian  Geotechnical 
Journal,  Vol.  7»  Feb.  1970. 


28 


22.  Preliminary  Safety  Analysis  Report,  Pilgram  Station,  Appen- 
dix 2A.2-U,  Report  on  Test  Pit  Investigation  and  Laboratory  Test- 
ing, Pilgram  Nuclear  Station  No.  600,  Unit  2,  Boston  Edison  Co., 
Submitted  to  Bechtel  Power  Corp.  , March  5,  1976. 

23.  Krinitzsky,  E.  L. , Radiography  in  the  Eeirth  Sciences  and  Soil 
Mechanics , Plenum  Publishing  Co. , New  York,  London,  1970. 

2h.  Marcuson,  W.  F. , III,  and  Gilbert,  P.  A.,  "Earthquake  Liquefaction 
Potential  at  Patoka  Dam,  Indiana,"  Miscellaneous  Paper  S-72-142, 

U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vicksburg, 
Miss.,  Dec.  1972. 

25.  Maxcuson,  W.  F. , III,  and  Krinitzsky,  E.  L. , "Dynamic  Analysis  of 
Fort  Peck  Dam,"  Technical  Report  S-76-1,  U.  S.  Army  Engineer  Water- 
ways Experiment  Station,  CE,  Vicksburg,  Miss. , March  1976. 

26.  Marcuson,  W.  F. , III,  "The  Earthquake  Analysis  of  the  W.  G. 

Huxtable  Pumping  Plant  Site,"  Miscellaneous  Paper  S-76-8,  U.  S. 

Army  Engineer  Waterways  Experiment  Station,  CE,  Vicksburg,  Miss., 
April  1976. 

27.  Castro,  Gonzalo,  "Liquefaction  and  Cyclic  Mobility  of  Satiirated 
Sands,"  Journal  of  the  Geotechnical  Engineering  Society,  Vol  101, 
No.  GT  6,  June  1975- 

28.  Lewis,  Jack  T. , "Use  of  Californium  252  in  Laboratory  Testing  for 
Moisture  and  Density  of  Soils,"  Miscellaneous  Paper  S-76-I8,  U.  S. 
Army  Engineer  Waterways  Experiment  Station,  CE,  Vicksburg,  Miss., 
Sept . , 1976. 


29 


In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 

Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Marcuson,  William  F 

Liquefaction  potential  of  dams  and  foundations;  Report  A: 
Determination  of  in  situ  density  of  sands  / by  William  F. 
Marcuson  III.  Vicksburg,  Miss.  ; U.  S.  Waterways  Experiment 
Station,  1977. 

28  p.  : 111.  ; 27  cm.  (Research  report  - U.  S.  Army 
Engineer  Waterways  Experiment  Station  ; S-76-2,  Report  A) 
Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army, 
Washington,  D.  C. , under  CWIS  311A5. 

References:  p.  27-28. 

I.  Dams.  2.  Foundations.  3.  Liquefaction  (Soils). 

A.  Radiography.  5.  Relative  density.  6.  Sands.  7.  Soil 
density.  8.  Standard  penetration  tests.  9.  Undisturbed 
sampling.  I.  United  States.  Army.  Corps  of  Engineers. 

II.  Series:  United  States.  Waterways  Experiment  Station, 
Vicksburg,  Miss.  Research  report  ; S-76-2,  Report  A. 
TA7.W3Ar  no. S-76-2  Report  A 


